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Abstract
A purpose-built pendulum machine was used to study the oblique impact and the behaviour of the surface layers of a normalized low
alloy steel subjected to the impact of hard a-alumina balls. The effect of relative tangential velocity on impulses, restitution coefficient
and impact energy loss, was analysed. The morphology of the impact indentations was characterized and related to the impulses obtained.
There was lip formation in the target material with ejection of a small fragile oxidized chip, at a certain critical sliding speed. The impact
duration and the impulse ratio have maximum values. These values seem to be related to the critical angle of attack, common in abrasive
and erosive ductile processes. The experimental results were compared with some impact models and theories. q 1999 Elsevier Science
S.A. All rights reserved.
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1. Introduction
The impact between two components can influence,
directly or indirectly, damage to equipment caused by
phenomena such as fatigue, wear and fracture. The surface
resistance of the materials has a very important economic
role. Wear by erosion, for example, is the main cause of
failure in industrial equipment like turbomachinery, pneu-
matic transport, pipelines, offshore structures, etc. The
same surface deterioration mechanisms occur in some
mechanical surface treatments, like shot-peening, to im-
prove the fatigue resistance of mechanical components.
However, the benefit of introducing compressive residual
stresses depends on the integrity of the materials’ surface.
With the pendulum machine used here we can relate the
impulse signals generated on impact to the phenomena
occurring during the deformation of the materials’ surface
layers. Furthermore, after our research on normal impact,
w xwe concluded 1 that the equipment used may be a
complement or an alternative to the dynamic impact tech-
 .nique DIT . The DIT technique proposed by Tirupataiah
w xand Sundararajan 2 , based on the original theory of Tabor
w x3 of static and dynamic hardness, basically consists of
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projecting hard spheres at a certain velocity onto the test
specimens. These authors used it to obtain the dynamic
hardness–strain data for copper and iron and characterize
 3 – 4 y1.their high strain rate plastic flow behaviour 10 s .
In the present work, the pendulum machine was used to
study the oblique impact between a hard sintered alumina
ball and a ductile steel target. The effect of relative
tangential velocity on impulses, restitution coefficient and
impact energy loss was analysed. It was possible to mea-
sure the duration of contact and the friction coefficient.
The morphology of the impact indentations was character-
ized and related to the impulses. To analyse and discuss
the experimental results we will review some theories and
models suggested in this area.
2. Considerations on solid particle impact
2.1. Oblique impact
Much work has been done in the last 4 decades on the
w xphenomena occurring on impact. Seireg and Weiter 4
studied the friction in the interface between a sphere and
two parallel planes. In their experiments, a 1 1r4-in.
sphere is suspended between two cylindrical steel pins
with parallel flat ends. The normal force is provided by
one of the pins which acts as an air piston system. The
0043-1648r99r$ - see front matter q 1999 Elsevier Science S.A. All rights reserved.
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tangential force is applied by the impact of a 1r2-in.
sphere. They measured the friction coefficient when slid-
ing starts and concluded that it is higher than when a static
w xforce is applied. Maw et al. 5 developed a dynamic
analysis of oblique impact between elastic spheres. They
used the Hertz contact theory to obtain normal stresses in
the contact area. For small sliding velocities, they verified
the existence of two different regions on the contact
surface. An external annulus where sliding occurs, named
the slip region, surrounds a central region where there is
no relative tangential velocity, named the stick region.
w xThis combined state is called microslip 6 . Other theories
have been proposed to explain the complexities involved
w xin collinear or non-collinear impact 6–9 . In the study of
the complexities involved in these problems three defini-
tions are given, resulting in three distinct restitution coeffi-
cients. A kinematic coefficient, also known as Newton’s
 .  .coefficient e velocity ratio , a kinetic coefficient, also
 .  .known as Poisson’s coefficient R impulse ratio and an
 . w xenergetic coefficient E , introduced by Stronge 6 , also
known as Stronge’s coefficient. This coefficient is defined
as the square root of the ratio between the elastic strain
energy released at the contact point during restitution and
the kinetic energy absorbed by internal deformation during
w xcompression. According to Stronge 6 , the theories based
on Newton’s impact law or Poisson’s impact hypothesis
yield errors in energy dissipation if small initial slip stops
during collision between eccentric bodies. When small slip
is stopped by friction, either the direction of slip reverses
or contact points roll without slip. With the theory of
w xStronge 6 collisions always dissipate energy. Based on
the definition of Stronge’s coefficient, it can be stated that
0FE2 F1. For a central or collinear impact the relation
2 w xbetween these coefficients is given by: E seR 7 . Brach
w x7 discussed the advantages and disadvantages of these
coefficients. When used in impact problems, the kinematic
 .or kinetic coefficient leads to a linear system of equa-
tions. Stronge’s energetic coefficient allows a more consis-
tent theory of impact, but its use in impact problems leads
w xto a non-linear system of equations. Brach 7 proposed a
classical impact theory to explain the planar eccentric
impact. He confirmed that the solutions for the planar
collision problem can be unrealistic because of the im-
proper treatment of the tangential impulse effects of in-
 . .dentation, viscous friction and Coulomb dry friction .
w xStronge 8 also introduced a lumped parameter model of
contact between colliding bodies to obtain the tangential
force and energy dissipated by friction during oblique
impact of rough compliant bodies. He used Coulomb’s law
of friction and the energetic restitution coefficient. His
analysis distinguishes between angles of incidence 08 at
.normal impact where the contact point initially sticks,
slides before sticking or slides throughout the contact
period. This model seems to be of use in dealing with
inelastic collisions where the contact region has no negligi-
ble tangential compliance. However, more problems arise
for higher impact speeds, when the impact energy is large
w xenough to develop significant permanent indentation 8 .
2.2. Friction on impact
The friction coefficient on impact is of fundamental
importance to wear by solid particle impact because it
defines the fatigue strength and the microcutting of the
w xbody being worn 10,11 . On impact, based on Coulomb’s
w xlaw, some authors define a friction coefficient by 10,11 :
Td tH Pt
ms s 1 .
PnNd tH
where the T and N are the tangential and normal impact
force generated on impact. However, this is only true in
glancing impact, i.e., when sliding does not stop during
w xcontact 12 . Generally, in the case of the impact between
two bodies, where, for a particular referential, the angular
and linear velocities of the bodies, before and after the
impact, are known, the friction coefficient can be written
w xas follows 10,11 :
˝ cos u y˝ cos ui i f f
ms 2 .
˝ sin u q˝ sin ui i f f
where the subscript i refers to the initial values and f to the
 .final values normal impact occurs at u s908 . Ratner andi
w xStyller 10 used three methods to measure the friction
coefficient under impact: a tensiometric method via Eq.
 ..1 ; high speed filming and photography with a strobo-
  ..scope; and a special tribometer via Eq. 2 . They studied
 .the character of the ms f u curves and determined thati
the friction coefficient on impact depends substantially on
the attack angle and that these curves may be divided in
 .two regions: small and medium angles up to 40–608 and
 .large angles greater than 40–608 . In the range of small
and medium values of u the impact friction decreasesi
with an increase of the attack angle coefficient for elas-
tomers and increases with the increase of the attack angle
for plastics. For large values of u the friction coefficienti
of all materials decreases and approaches zero on normal
impact. They concluded that the fundamental differences
between friction and wear under impact and wear under
sliding are the pressure i.e., the load responsible for
.friction and the friction coefficient. After qualitative inter-
pretation of the results, they used the dynamic equivalents
of both factors function of the particle velocity and attack
.angle to determine specific quantitative characteristics of
wear under impact based on the already established fea-
w x w xtures of wear under sliding contact 10,11 . Brach 12
contested this approach and considered that a distinction
between the impulse ratio and the friction coefficient is
necessary for a proper interpretation of impact data. Brach
w x12 assumes that the classic impact theory, based on
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Newton’s laws, can successfully be used to describe im-
pact phenomenon. Supposing that there is a unique solu-
tion for the final velocity components of impact particles,
then we can define two constants the kinematic restitution
  ...coefficient 0FeF1 and the impulse ratio Eq. 1 which
w x w xallow a complete solution for the problem 12 . Brach 7
points out that this approach foresees the study of arbitrary
 .tangential processes not just dry friction and the ability to
express the solution of the impact problem and the corre-
sponding energy loss in terms of the initial velocities and
w xthe parameters e and m. In his impact model, Brach 7,12
defined a limiting value for impulse ratio m. Under any
condition whether the friction coefficient is a constant or
not and even when the tangential force is not due to sliding
.friction the value of the tangential impulse can never
exceed m P . For the impact of a rigid body a body withc n
.significant mass moment of inertia against a plane surface
the limiting value of the impulse ratio corresponds to the
situation where sliding stops at separation and is given by
w x7,12 :
1 r R2
m s with ls 3 .c 21ql 1qe k .
where rs˝r˝ , not considering the angular velocity oft n
the rigid body, ˝ and ˝ are, respectively, the initialt n
tangential and normal impact velocities of the mass centre;
esy˝ r˝ is the kinematic restitution coefficient, ˝fn in fn
and ˝ are the final and initial normal velocity compo-in
nents at the contact point, respectively; R is the particle
radius and k is the radius of gyration ls5r2 for a
.spherical rigid shape and ls0 for a point mass . Other
 .models use critical values that can be related to Eq. 3 .
For example, we can deduce this value from the lumped
w xparameter impact model by Stronge 8 . In this model, for
a perfectly rigid particle, ‘gross slip’ begins when:
˝ 7t
) m 1qe 4 .  .
˝ 2n
where ˝ and ˝ are the tangential and normal initialt n
components of impact velocity; m is the Coulomb’s fric-
tion coefficient and e is the Stronge’s energetic restitution
coefficient. The critical impact angles used in some solid
w xparticle erosion models 13–15 can also be related with
 .Eq. 3 .
w xIn the impact model by Brach 12 , the critical value
 .given by Eq. 3 is the value of the impulse ratio that
maximizes kinetic energy loss. This is a useful concept for
w xengineering applications. Brach 12 calculated a non-di-
mensional form for energy loss on impact ratio between
.energy loss and initial kinetic energy given by:
1ye2 r 2 1 m m
UE s q 2y . 5 .loss 2 2  /1ql m m1qr 1qr c c
 .The two terms of Eq. 5 represent the energy lost due
to the normal and tangential effects, respectively. Note
that, if the initial angular velocity is null, rs1rtan u ,
where u is the impact angle equal to 908 for normal
.impact .
w xIn the model of Stronge 8 , during inelastic collisions,
there is always irreversible internal deformation that dissi-
pates a part of the initial kinetic energy. For collinear
collisions, the part of the kinetic energy that is dissipated
 2 .by irreversible deformation is proportional to 1ye .
Friction dissipates energy only during periods of slip.
w xStronge 8 deduced equations to calculate energy loss due
to tangential effects. However, only the normal compliant
element is irreversible and, consequently, energy losses
due to internal hysteresis and those due to friction remain
decoupled. If the impact energy is large enough to develop
significant permanent indentation uncontained plastic de-
.formation , the inelastic internal deformation depends on
both normal and tangential components of contact force
and, in these cases, the sources of dissipation are no longer
assignable to separate components of force, nor repre-
sentable by coefficients which are independent of the
w ximpact angle 8 .
2.3. Beha˝iour of ductile material targets
The deformation of ductile target materials subjected to
impact by hard projectiles, in the range of low and medium
 .impact velocities -500 mrs , common in practical engi-
neering, is predominantly plastic and the elastic and hydro-
w xdynamic components can be disregarded 2,9 . However,
 3 – 4 y1.plastic deformation occurs at high strain rates 10 s
and this is a new obstacle in the determination of the
w x w xenergy absorbed during impact 1,16,17 . Sundararajan 9
verified that the energy absorbed by the target material
during each impact is a very strong function of both
impact velocity and impact angle. He used three specifi-
cally developed models for the oblique impact of a sphere
w xonto a plane target: two analytical 7,10 and one numeri-
w xcal 9 . He concluded that the numerical model gave better
results. The model, similar to the one introduced by Hutch-
w x w xings et al. 18,19 , and Rickerby and Macmillan 20 , was
based on the hypothesis that the force resistant to indenta-
tion can be represented by a constant indentation pressure
 .dynamic hardness and, related to it by Coulomb’s law, a
small friction force. It allowed the description of the
variation of crater volume and energy dissipated on impact
with the impact angle and impact velocity. However, this
model underestimates the observed rebound angles. The
cause is attributed to the process of lip formation in the
crater front zone. Moreover, since the model disregards the
elastic recovery, it is not possible to predict the rebound of
w xthe spheres in normal impact cases. Sriram and Kosel 21
have improved the model by introducing the effect of the
elastic energy stored on impact and the rotational energy
of the sphere.
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An important application of the theories and models
referred above is the case of erosion wear by solid particle
w ximpact. Finnie 13 proposed one of the first models on
erosion wear. This simple model, based on metal cutting
processes, allowed the knowledge of the variation of the
erosion rate mass of removed material by unit mass of
.projectiles with the impact angle. For ductile materials
and for low impact angles, the model works very well. The
w xequations of Finnie 13 can be deduced from the classical
w ximpact theory of Brach 12 , if we consider es1 and, for
w xhigh impact angles, msm . Bitter 14,15 first split thec
wear mechanisms in two: deformation wear and cutting
wear. In this model, the wear rate is the sum of these two
w xcontributions. The model of Bitter 14,15 is based on a
material energetic criterion. Both authors showed the con-
w xtradictory behaviour of ductile and fragile materials 22 .
w xNeilson and Gilchrist 23 proposed a simplified model
w xbased on the model of Bitter 14,15 .
All works show the existence of a critical attack angle
in the ductile erosion cases. Most of the models that have
been proposed for solid particle erosion have had great
wdifficulty in predicting the effect of impact velocity 24–
x w x w x27 . Other authors, like Hutchings 25 and Kragelsky 11
have proposed fatigue models to explain erosive wear. The
w xmodel of Ratner and Styller 10 was developed to explain
the erosion wear found in polymeric materials. However,
these models do not explain other phenomena that occur in
erosion on ductile materials’ surfaces, namely, lip forma-
tion.
 .By using scanning electronic micrographies SEM and
w xTEM techniques, Ives and Ruff 28 studied the topogra-
phy and the subsuperficial damage that occurs in stainless
 .steel 310 surfaces caused by the impact of erosive parti-
cles. They used two types of particles: sharp alumina
 .Al O particles and spherical glass particles at 59 mrs2 3
 .and two impact angles 25 and 908 . In these conditions
 .they did not observe any material removal detached lips ,
thus confirming the existence of a critical velocity ob-
w xserved by Hutchings and Winter 29 . They also compared
their findings with those obtained in quasi-static hardness
tests and concluded that there were no substantial differ-
ences. The density and arrangement of the dislocations are
identical in all cases and they confirmed a zone of high
w xdislocations density around the craters. Hutchings 25
compared the subsurface layers of ductile steels subjected
to impact and quasi-static tests. In quasi-static indentation,
the lines defining the orientation of the perlitic microstruc-
ture present an inflexion, approximately in the zone where
the maximum shear stress occurs predicted by the Hertz
w x.theory of contact—see Ref. 17 . However, in impact
indentations, those lines tend to compress in the direction
of the indentation contour, extruding the material in the
w xcontour. Sundararajan and Shewmon 26 proposed a new
model for the erosion of metals at normal impact, desig-
nated localized strain model. Based on the work of Sun-
w xdararajan 27 , the model postulates that any volume ele-
ment of the target is lost by localized lip formation when a
critical value of strain is exceeded in its interior.
w xAccording to the theory of Sundararajan 27 the lip is
formed by localized plastic deformation in the near sur-
face of the target material. Single particle normal impact
experiments in some metals TD-Ni and aluminium alloy
.7075-T6 showed that localized deformation, i.e., lip for-
 .mation, occurs for all impact velocities )30 mrs , while
in solid solutions like bronze or in stainless steel 301 and
.304 this phenomenon only occurs when the impact veloc-
ity reaches a critical value between 150 and 200 mrs.
Besides, while copper exhibits lip formation in all impact
velocities used although it does not occur in quasi-static
.tests , nickel does not show this behaviour in the range of
 . w ximpact velocities used -180 mrs 27 . Sundararajan
w x27 formulated equations to obtain values for the critical
strain and velocity corresponding to the beginning of the
lip formation phenomenon in normal impact, indepen-
 .dently of the strain ratio dynamic or quasi-static tests .
w xSundararajan 30 also studied the nature and size of the
plastic zone beneath the eroded surface and correlated the
plastic zone size with the erosion rate.
The importance of the deformation effects and plastic
flow behaviour on the erosion of ductile materials has been
w xstudied since the 1970s. Hutchings and Winter 29 accom-
plished one of the first studies on mechanical removal
processes of ductile erosion and observed that these pro-
cesses are similar to those occurring in abrasive wear.
w xRabinowicz 31 also considered that erosion by impinge-
ment of abrasive particles against a solid surface is a form
of abrasive wear and can be described by the well known
standard abrasive wear equation proposed by this author,
w xwith suitable modifications. Hutchings and Winter 29
considered two mechanisms in material removal processes:
plastic deformation and microcutting. On oblique impact
of 3 mm steel balls and metal targets at velocities up to
250 mrs, they observed the phenomenon of lip formation.
The lip is formed at the exit end of the crater by the
shearing of the surface layers. Above a critical velocity,
characteristic of the particular metal, this lip is detached
from the surface by the propagation of ruptures at the base
of the lip. This process occurs more easily in cold worked
w xcopper than in annealed copper 29 .
During simulation of abrasive processes, Sedriks and
w xMulhearn 32 demonstrated the existence of a critical
attack angle. Depending on the rake angle ploughing of
target material or cutting with a continuous chip forma-
.tion , they observed a rapid variation in the value of the
w xgrooves’ areas. Many researchers 30,33 have noted be-
haviour differences between pure metals and steels when
w xsubjected to abrasive wear. Huard and Fiset 33 studied
the influence of the materials’ microstructure on critical
attack angle. They mentioned that the same critical attack
angles, observed with pure metals, should support the
linearity between the abrasion wear resistance and their
hardness. However, in the case of steels, the critical attack
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angle decreases as its hardness increases. Furthermore, the
annealed steels showed the same behaviour as pure metals
where ‘ploughing’ is predominant. However, these steels
are more sensitive to cutting wear in quenched state. This
phenomenon does not seem to occur in the case of pure
w xmetals. Huard and Fiset 33 concluded that the materials’
behaviour to plastic deformation has an important role in
the apparent friction coefficient. In fact, they observed that
the apparent friction coefficient varied with the abrasion
mechanism and the attack angle of the abrasive particles.
Their tests on eutectoid steel 1080 showed a reduction in
the critical attack angle with the increase of its hardness.
They concluded that the strain hardening coefficient is an
important parameter in the characterization of these pro-
w xcesses, unlike ductility. Challen et al. 34 used a slip line
model to explain the effect of a hard abrasive particle
ploughing the surface of a ductile material with a high
attack angle and explain the theories of metal machining
for low attack angles. They showed that the transition of
 .the wave model ploughing to cutting model, given by the
value of a critical attack angle, depends on the interfacial
friction coefficient abrasive particlersurface material or
.abrasive particlerchip . These authors showed that the
critical attack angle smallest angle of abrasive particle
.that allows chip formation should increase with the in-
crease in work hardening.
3. Materials, experimental equipment and procedure
We studied the behaviour of a ductile low alloy steel
 .steel AFNOR 25CD4—normalized subjected to the
oblique impact of sintered a-alumina balls 11 mm"0.5
mm mean diameter, hardness of 2100 HV and elastic
 .constants: Es300 GPa Young’s modulus and ns0.22
 ..Poisson’s coefficient . Table 1 summarizes some of the
mechanical properties of the steel used, determined at
room temperature. For the elastic constants we used the
hand book values.
The impact test machine consists of a pendulum ham-
mer equipped with a multiaxial piezoelectric transducer
rigidly linked to it. This transducer uses an oscilloscope
with memory to measure impact impulses after signal
amplification. A pre-tension of 2.5 kN is applied to obtain
 .good linearity -1% . Under these conditions it is possi-
Table 1
a Mechanical properties of steel AFNOR 25CD4 according to standard
.ASTM E 646
Yield stress, Strength Ultimate Strain at Ultimate Strain
 .s 0.2% stress, s stress, s s ,« strain, « hardeningY R UT R R f
 .  .  .  .  .MPa MPa MPa % % exponent, n
410"30 660"14 520"15 11"0.5 19"0.8 0.17"0.02
a Normalized at 860–9008C. Approximate chemical composition: 0.25%
C, 0.25% Si, 0.65% Mn, 1.05% Cr, and 0.20% Mo.
ble to measure compressive forces up to 5 kN and shear
forces up to 2 kN. The pendulum is made to strike a
cylindrical specimen, which can be given a rotational
movement by a 736-W electrical motor. The linear veloc-
ity of the pendulum at impact can vary between 0 and 2.3
mrs and the linear velocity of cylindrical track between 0
and 30 mrs. The velocity of the pendulum and cylindrical
track, before and after impact, can be registered photoelec-
trically. An inertia flywheel was used to stabilize the
rotational velocity of the shaft machine. The dynamic
balance of the shaft was performed at 650 rotrmin. The
cylindrical steel specimens used here have a diameter of
about 100 mm. Fig. 1 shows the machine and the measur-
ing system used. Some characteristics of the pendulum
w xmachine are 35,36 :
–pendulum mass: 4.922 kg;
–length of percussion: 0.345 m;
–moment of inertia relative to pendulum rotation axis:
0.408 kgPm2;
–moment of inertia relative to cylinder rotation axis:
0.05 kgPm2;
–pendulum impact velocity: 0.32 to 2.3 mrs;
–pendulum kinetic energy: 0.18 to 9.6 J;
–cylinder tangential velocity: 0.2 to 30 mrs.
The compound pendulum was designed and built to
 .obtain a length of percussion l , defined by the distance
between the impact point and the rotational axis, which
corresponds to the length of the synchronous pendulum
associated with it. To minimize vibration effects, the length
 .of the pendulum arm 0.267 m and the pendulum mass
distribution were obtained considering two conditions: one
 .related with the natural frequency of the arm -0.295 m
and the characteristics of the measurement system used;
another related with the percussion reactions on the bear-
ings. In our system, these reactions can be disregarded.
The centre of percussion is close to impact point, above
2.5 mm in the symmetrical axis of the pendulum. To fulfil
these conditions the resultant impact force must be normal
to the plane defined by the same axis and the rotation axis
of the pendulum. Consequently, preliminary tests must be
done to measure the mean friction angle b , for each
 w x.impact condition see Fig. 8 and Ref. 35 .
The pendulum machine provides information on the
history of the impact. It is thus possible to relate the
phenomena occurring during the deformation of the mate-
rials surface layers with the signals of the impact impulses,
and study the mechanisms involved in the processes of
material removal, namely chip formation. We studied the
behaviour of impulses, when relative tangential velocity
increases from 0.2 to 16 mrs. We used two different
launch angles 10 and 208, corresponding to two impact
kinetic energies of about 0.18 and 0.7 J, respectively. The
corresponding pendulum velocity remained nearly con-
stant, equal to 0.32 and 0.64 mrs. The surfaces of the
specimens were rectified after machining. For each impact
test the projectiles were changed and the tracks cleaned
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Fig. 1. Description of the impact machine.
with tetrachloroethylene and ether. The tests were carried
out at ambient temperature and without lubrication dry
.friction .
4. Experimental results and discussion
4.1. Indentation morphology
w xIn a previous work 1 on normal impact, we found that
there was no lip formation, within the range of the impact
 .energy used elasto-plastic impact . The impact indentation
was identical to the quasi-static one. The average dynamic
pressure does not seem to be constant and is higher than
the value obtained in quasi-static indentation. In the pre-
sent work, the effect of relative tangential velocity on
impulses, restitution coefficient and impact energy loss
was analysed. The morphology of the impact indentations
is now characterized and related to the impulses.
The target surface showed impact marks in all tests the
.length of indentation is proportional to tangential velocity
and the projectile showed traces of material transfer. At
low tangential velocities the indentation showed lateral and
frontal lips. For tangential velocities lower than 1 mrs, the
bottom of the indentation on the steel tracks showed two
distinct zones: a wrinkled inner zone and a grooved outer
zone, clearly defined by a brilliant circular annulus see
..Fig. 3a . These two regions are called stick and slip,
respectively, and this combined state is termed microslip
w x8 . For the lowest tangential velocities the sliding stops
during the impact charge phase. The ratio between the
tangential and normal impulses increases considerably in
 .this region. For higher velocities -2 mrs the craters
still present two distinct zones: an initial brilliant grooved
 .  .zone sliding and a final, quite wrinkled zone sticking .
During this period, the formation of a lip in the frontal
zone of the indentations was confirmed. The process is
essentially based on the plastic deformation of the mate-
rial’s superficial layers. The material is subjected to
ploughing during the initial phase of impact and some
material is accumulated in the final zones of the craters.
The sliding is interrupted in the impact rebound phase.
Optical microscopy shows that there is material transfer
from the tracks to the alumina projectiles which, associated
with high roughness in the final zones of the craters,
enables us to consider that adhesive phenomena are quite
important in this phase. The frontal zones outside the
craters exhibit ‘wavy’ zones, which can be related with the
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w xappearance of adiabatic shear bands 18,28 . The impulse
ratio increases rapidly.
For tangential velocities near 2 mrs, a large accumula-
tion of material can be seen in the frontal zone of the
indentations. The bottom of the craters presents alternate
zones, irregularly grooved and wrinkled. The beginning of
the crater presents grooves, followed by a wrinkled transi-
tion zone, which delimits a grooved central zone. The final
zone of the crater is quite wrinkled and using a microscope
we can see small circles indicating that material was torn
out. There are peaks in the signal of the tangential impulse.
The different zones were measured using microscopy and,
based on the tracks’ rotation velocity, it was possible to
associate the peaks of the signal with these zones. There is
a relation between the signal and the appearance of irregu-
larities at the bottom of the craters. The wavy zone in the
external frontal area of the craters becomes more compact
and spreads to the lateral zones of the indentations. When
a certain critical velocity is reached, as Hutchings and
w xWinter 29 observed, the chip formed by deformation and
cut of the material is ejected from the surface of the test
specimens. For velocities near the critical tangential veloc-
ity, the chip formed remains over the frontal zone of
indentation. SEM of the craters show two symmetrical
fractures in the frontal zone of the crater, which will be
 .responsible for the separation of the chip see Fig. 2 . The
final zone of the craters presents longitudinal grooves and
is not wrinkled. Fig. 2 shows the appearance of different
zones at the bottom of the indentation. A very small
wrinkled zone, followed by a grooved zone, followed by a
wrinkled zone and so on. These zones, at the bottom of the
craters, seem to be associated with the extraneous fre-
quency of about 1.6–2 kHz in the signal of the impulses. It
is important to notice the morphology of the chip’s surface
.in the micrography in Fig. 2b . The high roughness of the
chip’s surface must be related to the adhesion that occurs
in the chiprprojectile interface. The impulse ratio reaches
a maximum. For velocities between 2 and 3 mrs a fragile
chip is ejected from the tracks, presenting a bluish colour,
evidence of strong oxidation. The oxides that are formed
indicate that the local temperatures attained must have
been very high, to activate the chemical reactions in-
volved. The craters present more regular contours and the
‘wavy’ bands, appearing in the frontal zone, shift towards
the lateral walls, where accumulation of material is veri-
fied. These results seem to indicate that the adhesive
phenomena are important to the formation and ejection of
the chips.
Over 3 mrs the chip sticks to the sphere, getting loose
easily. The bottom of the craters presents longitudinal
grooves, but small zones of transition between the grooved
zones were observed. These are related to the impulses
signal peaks. The grooves result from the abrasion caused
by the asperities of the alumina or, for high sliding veloci-
 .ties, by abrasive particles debris formed at the beginning
of impact. It was determined that the length of the craters
 .Fig. 2. a SEM micrography of the indentation corresponding to veloci-
 .  .ties close to the critical tangential velocity chip on the track . b
Separation zone between the indentation and the chip V ;2 mrs andt
.E s0.7 J .c
increases in proportion to the sliding velocity and is nearly
independent of the impact velocity. Furthermore, the width
of indentations seems to present a maximum value when
the critical velocity is reached. Their contours become
more regular. There are no frontal bands. These become
more visible in the outer zone of the lateral outlines. At
higher velocities, abrasion grooves are still seen at the
bottom of the indentations and small fragments of material
are observed in their lateral zones. At velocities over about
12 mrs, the chip sticks strongly to the projectile, breaking
into small fragments when we try to remove it. An identi-
cal phenomenon, related to the alternate zones at the
bottom of the craters, was observed by Sedriks and Mul-
w xhearn 32 during tests on the simulation of the abrasive
process. It should be noted that the extraneous frequency
 .1.6–2 kHz , related to the distinct zones observed at the
bottom of the craters, is identical to the frequencies found
in the process of chip formation, typical in metal machin-
ing. However, according to the lumped parameter impact
w xmodel of Stronge 8 , this is also a natural frequency,
corresponding to an impact at 10y3 s for the compression
phase time observed in our tests. Fig. 3 summarizes the
evolution of the indentations with tangential velocity.
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Fig. 3. Optical micrographies and longitudinal profiles of the indentions showing the process of lip formation and ejection of the chips.
4.2. Time of contact, forces and restitution coefficient
The impulses’ signal clearly shows that the impact has
two phases: a compression or charge phase and a rebound
or discharge phase. In normal impact tests, the impact
charge phase is always shorter than the discharge phase
and the difference becomes greater as impact velocity
w xincreases 1 . In oblique impact, the duration of impact
increases rapidly and reaches a critical value. In fact, when
we have a finite tangential velocity, in the microslip zone,
the duration of the rebound phase and the duration of
contact increases rapidly. The variation in the duration of
the rebound phase may be explained by the effect of
adhesive forces in the contact interface. Fig. 4 shows the
variation of the total duration of contact with the tangential
 .velocity for two launch angles 10 and 208 , corresponding
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Fig. 4. Impact duration vs. tangential velocity.
to pendulum kinetic energies at the moment of impact of
about 0.18 and 0.7 J, respectively. Note the sudden in-
crease of the contact duration when the tangential velocity
ceases to be null. The points corresponding to the case of
 .normal impact V s0 mrs are marked in Fig. 4.t
It can be observed that the total contact duration in-
creases rapidly with tangential velocity, reaching a critical
value from which an abrupt decrease of the contact dura-
tion is seen. It was verified that this maximum value is
related to the phenomena of formation and ejection of the
chips, as described in the Section 4.1. For high sliding
velocities the contact duration slowly decreases to values
identical to those obtained in the case of normal impact
 .V s0 mrs . This behaviour is mainly due to the durationt
of the rebound phase. Analysis of the impulses shows that,
when the tangential velocity increases, the duration of the
rebound phase increases considerably. The contact dura-
tion increases abruptly. Above the critical velocity, after
the chips are ejected, there is a continuous decrease of the
rebound phase as the tangential velocity increases.
Fig. 5 shows the variation of the maximum normal and
tangential forces with tangential velocity, which corre-
spond to 0.7 J of pendulum impact energy. It can be seen
that the curve of the maximum normal force presents a
minimum. It was observed that this behaviour of the
normal force curve tends to be more pronounced as the
impact velocity increases. The tangential force increases
rapidly with the increase of the tangential velocity until
there is chip ejection. At this point there is a strong
inflexion in the measured tangential force. The lumped
w xparameter impact model of Stronge 8 was successfully
used to describe the behaviour of maximum normal and
 .tangential forces with tangential velocity see Section 5.2 .
Using Coulomb’s friction law, we can determine a
friction coefficient defined by the ratio of the maximum
tangential force and the maximum normal force. This is
Fig. 5. Maximum normal and tangential forces vs. tangential velocity
 .E s0.7 J .ip
w xapproximately true because, as Lewis and Rogers 37
demonstrated, the friction coefficient rises to a ‘plateau’
value during contact and then declines to zero as contact is
lost. This value seems to be independent of impact velocity
w xand a bilinear function of the impact angle 37 . Fig. 6
shows the evolution of the friction coefficient with relative
tangential velocity. We can see that, for low tangential
impact velocities, it increases rapidly with the increase of
tangential velocity, reaches a maximum value and then
decreases slowly.
It is visible that the impact can be divided into two
parts. The first one corresponds to the range of low
 .tangential velocities high incidence angles in which the
process is characterized by a continuous rapid increase of
the impulse ratio. This ratio seems to have a limiting value
Fig. 6. Friction coefficient vs. initial tangential velocity.
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Fig. 7. Kinematic restitution coefficient vs. initial tangential velocity.
w x related to the value deduced by Brach 12 see Section
.5.2 . Brach’s critical impulse ratio must have some physi-
cal signification. In this region, sliding probably stops
during contact time. For the lowest tangential impact ve-
locity, the morphology of indentations shows microslip
 .stick–slip region phenomena. For higher tangential ve-
locities the adhesion phenomena should be activated. When
a critical tangential velocity is reached, corresponding to
an incidence impact angle between 10 and 208, a fragile
oxidized chip is ejected from test targets. Some ejected
chips have a bluish colour, typical of iron oxidation. The
local temperature must have been high.
The second part corresponds to the range of high sliding
 .velocities low incidence angles , where the impulse ratio
slowly decreases with the increase of relative tangential
velocity. In this region, called gross slip, sliding will
w xcontinue until separation and Brach 12 considered that
P s fP and ms f , where f is the Coulomb’s frictiont n
coefficient. The process of relative continuous sliding of
 .two solids in contact kinetic friction is a complex subject
w x7,11,17 . For simplification, we describe these phenomena
using a constant coefficient, defined as the ratio of tangen-
tial to normal forces. The problem arises when we need to
know how f varies with the relative velocity, materials,
surface condition, lubrication, temperature, etc. In our
case, the friction coefficient slowly decreases with the
increase of the sliding velocity. Since we know that high
temperature diminishes the mechanical resistance of mate-
rials, so, after a certain sliding velocity, the effect of
temperature can lead to the formation of superficial pelli-
cles of weak mechanical resistance, responsible for the
 .decrease verified in the friction coefficient see Fig. 6 . On
the other hand, adhesion phenomena increase with the
increase in temperature. The balance between the increase
of the adhesive phenomena due to temperature increase
and the decrease of the mechanical resistance of the mate-
rial which is formed in the contact’s interface, may be the
cause of the impulse ratio observed for high sliding veloci-
ties, i.e., the adhesive phenomena and the thermal effects
will be responsible for the variation in the value of the
impulse ratio with relative tangential velocity. The varia-
tion is, however, qualitative, since there are many factors
that influence the adhesion that occurs between two mate-
rials subjected to sliding friction. The relative humidity,
for example, might be important in the use of ceramic
w xmaterials, as was demonstrated by Takadoum 38 in some
aluminarmetal pairs.
Fig. 7 shows the evolution of the kinematic restitution
coefficient with relative tangential velocity. We observed
that the restitution coefficient increases with tangential
velocity and becomes nearly constant when a critical tan-
gential velocity is reached, i.e., when a fragile chip is
ejected from the test specimens. In this last case, the
restitution coefficient approaches one. Unexpected experi-
mental restitution coefficient values greater than one were,
however, obtained. In order to understand these results,
some hypothesis have been drawn, like the combined
effect of the eccentricity of impact the normal nn to the
tangent plane at the contact point did not cross the rotation
.axis of cylindrical tracks and the rotational movement of
the cylindrical tracks.
5. Interpretation through theoretical models
5.1. Application of classic impact theory to the pendulum
system used
Fig. 8 shows the mechanical system used in the experi-
ments. It is assumed that the centre of percussion is close
Fig. 8. Definition of impact system.
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to the impact point and, consequently, the reactive im-
pulses are null on pendulum bearings. Using the impulse
and momentum principles as well as the definition of
kinematic coefficient of restitution e, it is possible to
write:
v syevpf pi
6 . v sv yv 1qe Sm .cf ci p i
where S was defined by:
MRC RC IoSs q 7 .2 /I ILc c
 .In Eq. 6 , v , v , v and v are the angularpi ci pf cf
 .  .velocities of pendulum p and the rotating cylinder c
 .  . before i and after f impact. m is the impulse ratio Eq.
 ..1 , e is the kinematic restitution coefficient, L is the
distance of the impact point to the pendulum rotation axis,
C is the distance between the normal nn on contact point
and the pendulum rotation axis and R is the radius of
 .rotating cylinder see Fig. 8 . I and I are the moments ofo c
inertia of the pendulum and cylinder relative to the rotation
axis, respectively. It should be noted that the off-set h
showed in Fig. 8 was disregarded. In addition, the restitu-
tion coefficient was defined considering the ratio between
the normal component of the contact point velocity, after
 .  .f and before i impact, i.e.:
˝ncf
esy . 8 .
˝nci
The coordinates of normal and tangential contact point
 .velocities relatively to the n, t referential, were defined as
follows:
˝ syCvnc p
9 . ˝ sRv yDv .tc c p
 .If sliding stops during contact ˝ s0 , according totcf
w xthe impact theory of Brach 12 , a critical impulse ratio can
be defined by:
Rvci
m s . 10 .c RS e
Cv 1qe q .pi  /C 1qe
Using the principle of conservation of energy:
E yE sE 11 .i f loss
where E and E are the energy of the system before andi f
after impact, respectively, and E is the energy lost onloss
impact, it is possible to show that the energy loss is given
by:
1 v Ici c2 2E s I v 1ye q2 1qe Sm .  .loss o pi2 v Ipi o
Ic2 2 2y 1qe S m . 12 .  .
Io
Taking the first and second derivatives relative to m, it
can be seen that there is a m that maximize the energy loss
and it can be written as follows:
vci
m s . 13 .max v 1qe S .pi
For our impact system, m sm when es0 only.c max
The highest difference between these two values is ob-
tained when es1. For comparison purposes with experi-
mental results, we defined an impact angle given by:
< < < <˝ Cvnci pi
usarctan s . 14 .
< < < <˝ Rv yDvtci ci pi
5.2. Comparison between experimental results and theoret-
ical models
Using the definition of impact angle given above, we
shall now compare the experimental results with the im-
w x w xpact models of Stronge 8 and Brach 12 . Fig. 9 shows
the variation of the impulse ratio with the impact angle.
Fig. 9 also shows the limiting value of the impulse ratio
w xproposed by Brach 12 . This limiting value was calculated
 .  .with Eqs. 10 and 3 considering the case of a rigid
 .  .spherical body ls5r2 and a point mass ls0 . The
measured impulse ratio is always below the curves corre-
sponding to the critical impulse ratio for the case of
  ..pendulum system used Eq. 10 and the case of point
  . .mass impact Eq. 3 with ls0 . Our experiments seem
to confirm that, for high impact angles, there is a limiting
value for impulse ratio.
w xThe lumped parameter impact model of Stronge 8
looks at three ranges of impact angles. High impact angles,
when ˝r˝ -mz 2, where ˝ and ˝ are the tangential andt n t n
normal initial components of impact velocity, m is the
 . 2Coulomb’s friction coefficient dynamic friction and z
Fig. 9. Impulse ratio m vs. impact angle u .
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is the ratio of normal to tangential stiffness at the contact
w xpoint 8,17 . In this region, stick begins on first contact and
continues until a time t when slip begins. Slip continues
until separation. High and medium impact angles, when
2  .mz -˝r˝ -m 1qe m rm , where m and m are thet n n t n t
tangential and normal components of the inverse of mass
matrix. Initially, there is sliding at the contact point. After
this period there may be alternate periods of stick and slip
phenomena. With small angles of incidence, when ˝r˝ )t n
 .m 1qe m rm , the slip continues in the initial directionn t
throughout the entire contact period. This contact process
w xis termed gross slip 8 .
w xSome authors 7,8 report that the wear rate due to
repeated impacts at oblique angles of incidence can be
related to the maximum tangential force and that this force
w xvaries with impact angle. In the model of Stronge 8 , the
 .tangential force T t can be calculated as a function of the
impact angle u . In this model, the maximum value of
friction occurs during the compression period if the ratio
of tangential to normal frequencies vrVG1 and the
maximum tangential force is independent of the restitution
 . w xcoefficient energetic coefficient . In Ref. 8 , Stronge
formulated equations that allow the calculation of the
maximum tangential and normal forces for the three ranges
of impact angles mentioned above. In Fig. 10, we compare
our experimental non-dimensional data with the model of
w xStronge 8 . In our calculations, we consider the contact
between a solid sphere, composed of material with Pois-
son’s ratio ns0.22, and a target with Poisson’s ratio
ns0.3. For this case, the ratio of normal to tangential
stiffness is z 2 s1.18, the mass ratio m rm s7r2 andn t
the ratio of tangential to normal frequencies is vrVs
1.72. Furthermore, the experimental points in Fig. 10 have
been obtained taking a constant time of compression of 0.9
and 1 ms, corresponding to pendulum kinetic impact ener-
Fig. 10. Maximum normal and tangential force vs. impact angle accord-
w xing to the model of Stronge 8 . The grey zone corresponds to the
beginning of ‘gross’ slip.
Fig. 11. Normalized impact energy loss vs. impact angle according to the
w ximpact model of Brach 12 .
gies of 0.7 and 0.18 J, respectively. We concluded that the
model predicts the maximum impact forces generated on
impact very well. Using this model, we see that the critical
value of tangential velocity which allows chip ejection is
close to the value required for the beginning of sliding
throughout the impact duration. In Fig. 10, we draw the
predicted curves of non-dimensional frictional force corre-
sponding to a mean dynamic friction coefficient of 0.6,
 .obtained in our experiments see Fig. 6 . According to
w xStronge 8 , for oblique impact, tangential compliance
reduces the largest friction force in comparison with fric-
tion generated if the contact region has negligible tangen-
tial compliance. If tangential compliance is negligible,
oblique impact always results in an initial period of slid-
ing. This sliding stops before separation and there is a final
period of stick, unless the impact angle is low enough to
cause gross slip.
w xThe model of Brach 12 also allows the study of the
loss of kinetic impact energy. In Fig. 11 we can see the
variation of normalized energy loss during contact with the
impact angle, calculated with a non-dimensional form of
 . U  .Eq. 12 given by E sE rE see Section 5.1 . It canloss i
again be seen that the maximum energy loss due to
tangential effects has a maximum value when there is chip
ejection. This figure also shows a characteristic typical of
processes where deformation wear is predominant. It is
w xfrequently seen on spherical solid particle erosion 18,29 .
6. Conclusions
The pendulum test machine used here is an important
experimental means for modelling the behaviour of materi-
als subjected to single particle impact. We can relate the
normal and tangential impulses with the superficial dam-
age to the materials.
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The tribological behaviour on impact between hard
a-alumina spheres and a ductile low alloy steel AFNOR
.25CD4 was studied. On normal impact, the kinetic ener-
gies used in the experiments produce a small indentation
 .without lip formation elastic–plastic impact . In the exper-
iments where there is a finite relative tangential velocity
between the two bodies there is always lip formation. The
indentations show lateral and frontal lips. When a critical
relative tangential velocity is reached, an ejection of a
small fragile oxidized chip of the target material is ob-
served. We found that the duration of contact and impulse
ratio reaches a maximum value. At high sliding velocities
the chip always sticks to the surface of projectiles.
The tangential impulses can be decomposed in two
distinct parts. One for low relative tangential velocities
 .high impact angles , where the duration of contact and the
impulse ratio rapidly increase with the tangential velocity.
 .Another, for high sliding speeds low impact angles ,
where the duration of contact and the impulse ratio slowly
decrease with tangential velocity. The critical sliding ve-
locity can be related to a critical attack angle common in
solid particle erosion processes. This critical angle slightly
increases with the increase of the impact velocity. It may
be due to the slight increase of strain ratio, corresponding
to the range of the kinetic impact energies used in our
tests. However, this must be confirmed for a large range of
normal impact velocities.
w xThe classic impact theory of Brach 12 and the lumped
w xparameter impact model of Stronge 8 were used and
compared with experimental results. The experimental re-
sults seem to confirm the existence of a critical value of
the impulse ratio as suggested by the impact theory of
w xBrach 12 . It seems, moreover, to be related to the ob-
served critical attack angle. For this angle, a maximum
value of the kinetic energy loss due to the tangential
effects was observed. Using the experimental values of
compression time and dynamic friction coefficient, the
w xmodel of Stronge 8 accurately predicts the values of the
measured maximum normal and tangential forces gener-
ated in our impact tests.
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